methods are often only partially implemented and can be difficult to find and used 23 effectively. Since the results of automated characterisation of landscapes from DEMs 24 are influenced by the extent being considered, the resolution of the source DEM and the 25 size of the kernel (analysis window) used for processing, we have developed a tool to 26 allow GIS users to flexibly apply several multi-scale analysis methods to parameterise 27 and classify a DEM into discrete land surface units. Users can control the threshold 28 values for land surface classifications. The size of the processing kernel can be used to 29 identify land surface features across a range of landscape scales. The pattern of land 30 surface units from each attempt at classification is displayed immediately and can then 31 be processed in the GIS alongside additional data that can assist with a visual 32 assessment and comparison of a series of results. The functionality of the 33 ArcGeomorphometry toolbox is described using an example DEM. 34
Introduction 39 40
The analysis and classification of the land surface at various landscape scales is 41 a prerequisite for many studies within the geosciences. In the last two decades 42 geomorphometry -the discipline of quantitative land-surface analysis -has undergone 43 rapid progress due to the flexibility and rapidity with which the required computations 44
can now be performed through the computerized analysis of digital elevation models 45 (DEMs) (Pike, A variety of equations have been proposed to calculate the fundamental 106 geomorphometric variables. Well known examples include Evans (1972 Evans ( , 1979 Evans ( , 1980 
where G is gradient, Cp is profile curvature, Cc is contour curvature, Cp-min is minimum 128 profile curvature, and Cp-max is maximum profile curvature. 129
Several extensions to Evans' method have been proposed (Zevenbergen and 130 Thorne, 1987; Shary, 1995; Wood, 1996; Shary et al., 2002 Evans (1980) , 163 Zevenbergen and Thorne (1987) and Shary (1995) . They concluded that a local surface 164 representation derived from quadratic models ('Evans' and 'Shary') is more useful to 165 consistently describe local surface curvature, and to model the land surface by basic 166 land elements. 167 Wood (1996) 'openness' which is related to local curvature. Openness is directly related to land 216 surface line-of-sight and thus is derived taking the maximum angle of vision from a 217 point on the land surface within a given maximum radial distance. The calculated value 218 at each cell of a DEM is: 219 While specialised software such as Landserf will continue to be used by 244 researchers where comprehensiveness of functionality is paramount, we identify a 245 broader range of application areas in which users value the convenience of carrying out 246 preparatory data processing with the same software they will use for further analysis 247 and presentation of results. GIS software is now so widely adopted by many scientific 248 professionals, for whom land surface analysis is just one necessary step towards a final 249 result and the overhead of investing time to learn specialised software for 250 geomorphometry may not be justified. These users create a demand for more LandSerf, MicroDEM, RiverTools, SAGA and TAS) were assessed for their 322 geomorphometric capabilities concluded there is considerable scope for software that 323 fills the gap that still exists between comprehensive, specialist tools and the limited 324 functionality presently implemented by major GIS vendors. 325 geomorphometry, we are proposing a solution that fills the gap between the standalone 327 tools and a standard install of a mainstream GIS (Fig. 1) The ability to construct more complex functionality from the basic language 368 syntax, the widespread availability of the scripting language and the many types of 369 DEM data already available in ArcGIS raster data format led to the decision to develop 370 the extended functionality for geomorphometric analysis using the ArcGIS Python 371 environment. This new functionality was then made accessible to the user using a 372
Python Toolbox, which can be installed, shared and modified. By following the 373 conventions for Python Toolboxes design (Esri, 2014) , the code for the GUI integrates 374 with the standard ArcToolbox with the result that, once loaded, ArcGeomorphometry 375 menus, dialogues, help pages, etc., appear seamlessly incorporated within ArcGIS. 376 (Table 1) . It currently provides functions for true 389 multi-scale land surface analysis and classification based on the methods proposed by 390 Evans (1972 Evans ( , 1979 Evans ( , 1980 and Wood (1996) The toolbox runs on any computer running ArcGIS for Desktop 10.1 SP1 or 404 higher. It consists of a Python script that realise the analysis routines, user menu, 405 dialogue boxes and basic help. Additional help pages are stored as xml files. Installed 406 tools can also be run in a standalone mode by calling them from a Python window or 407
ModelBuilder, but are intended primarily to be operated through a graphical menu. 408
Tools use linear map units, such as feet or meters, and consequently, it is assumed that 409 input DEM has a projected coordinate system. The maximum size of the input raster 410 DEM, i.e. maximum number of cells, is limited by available RAM on computer up to a 411 maximum RAM allocation per Python 32-bit process imposed by the operating system 412 (2GB). In practice, DEMs of 1.0E+08 cells can be processed in a standard personal 413 computer (4GB RAM, Core i3-2100 processor running at 3.10GHz) in periods from few 414 minutes to several hours depending on the function and kernel size selected (Fig. 2) by large kernels reflect the variations of topography at a broader scale, corresponding 484 roughly to features whose dimensions are similar to the length of entire hillsides. It can 485 also be seen that the classification using the "standard" 3×3 kernel produces an image 486 18 with less coherence and a higher local variance from which it is more difficult to 487 interpret land surface features. In this example using a 30m resolution DEM, the range 488 of kernel sizes from 3×3 to 81×81 covers a range of landscape features from the micro-489 scale (0-30m) to the meso-scale (30-2,430m) (Dikau, 1989) . Indicative timings for 490 performing the above classifications are shown in Fig. 2. Fig. 4 If a reference data set exists, for example if a field survey has previously 518 produced geomorphological mapping for a given locality, the ArcGeomorphometry 519 tools can be used to determine kernel and threshold parameter values that classify a 520 DEM for this area into land surface units that conform with the mapping. Once these 521 parameters have been established, it may be possible to apply similar parameter settings 522 to recognise similar landscape features from a DEM of the same specification but 523 covering a more extensive area for which geomorphological mapping has not been 524 previously produced. 525
A few limitations apply to processing DEMs with the ArcGeomorphometry 526 Toolbox. While the time for the per-pixel algorithms to process a gridded DEM 527 increases quadratically as the DEM extent is increased, for neighbourhood algorithms 528 the time increases at faster rates as the size of the kernel is increased, since many more 529 cells have to be processed in the input layer to create a single value in the output grid. 530
The present tests of ArcGeomorphometry suggested that quite large kernel sizes (e.g. 531 81×81) may sometimes be required to extract some larger amplitude land surface 532 features. While there is no limitation in the software upon the size of kernel that can be 533 used, working with kernels much larger than those normally available in standard 534 systems leads to 'non-interactive' processing unless the DEM extent is quite small (Fig.  535 2). The availability of higher resolution DEM products, such as 10m products derived 536 from InSAR data or submetric LIDAR DEM data, while potentially allowing much 537 finer surface detail to be revealed, would lead to much longer processing times if such 538 high spatial resolution data sets were used for extracting features of the same 539 dimensionality and over similar extents as those in this illustration. 540
In the present version of ArcGeomorphometry, if any cell in the processing 541 kernel has a null value, then the output for the cell at the centre of that kernel will be 542 null. As a consequence, each edge of the classified DEM created by the processing will 543 20 be reduced by one-half of the kernel size, leading to the overall dimensions of the output 544 grid being reduced by the number of (rows=columns=k) in the kernel. 
